the appendage domains of the adaptor meet, and an
The Structure The 1.9 Å resolution crystal structure of the appendage et al., 1996), and epsin (Chen et al., 1998) . In order to investigate further the role of the ␣-adaptin appendage domain of ␣-adaptin (termed ␣-ear S ) was solved by isomorphous replacement (see Experimental Procedures). domain in endocytosis, we have solved its structure to 1.9 Å resolution by X-ray crystallography. The structure The structure can be divided into two subdomains (Figure 1) . The N-terminal subdomain, comprising residues allowed us to improve the definition of the appendage domain boundary and, as a result, produce a protein S701-K824, is a nine-stranded ␤ sandwich, which is reminiscent of an immunoglobulin fold. The C-terminal with increased solubility for use in in vitro experiments and that was capable of inhibiting clathrin-mediated ensubdomain (residues F825-F938) is made up of a fivestranded ␤ sheet (one of which is interrupted) flanked docytosis in vivo. An analysis of the protein's molecular surface identified a single candidate binding site for the by helix ␣1 on one face and by two helices (␣2 and ␣3) on the other. This subdomain bears no obvious structural specificity than to affinity. It should be possible to identify likely sites for protein-protein interactions by scanrelationship to any previously known domain. The subdomains are joined by a short linker, and the resulting ning a protein surface for regions of favorable hydrophobic contact. The apolar surface of a protein can be interface contains tightly packed and mostly hydrophobic residues, suggesting that the relative subdomain characterized by evaluating at each position on the surface the summed pairwise interactions of a hydrophobic orientation is fixed (accessible surface buried 1430 Å 2 ). The compact nature of this interface also explains the probe in contact with the surface, if it is considered to displace a water from that position. The appropriate lack of protease sensitivity between the subdomains (data not shown). This is the domain released by elastase pairwise potential is favorable where van der Waal's interactions may be formed but is disfavored by the treatment of adaptors and has been used previously (Wang et al., 1995). The structure showed that in the availability of hydrogen bonding atoms. Such a hydrophobic potential function has been implemented in construct used (residues 701-938) the protein was truncated in the center of a ␤ strand (strand 1), providing the program GRID (Goodford, 1996). Hydrophobic surface potential analysis of the entire an explanation for the low yield of correctly folded and therefore soluble protein (see Experimental Procedures).
␣-adaptin appendage domain revealed a single candidate protein-binding site centered around W840 and A new longer construct comprising residues 695-938, termed ␣-ear L , in which the N terminus was elongated potentially also containing F837, E849, R905, E907, and R920 (Figure 2) . In order to test the validity of this hypothby six residues to complete the ␤ strand, resulted in a protein with higher solubility. This construct was used esis, alanine mutants were created in each of these residues for in vitro (as GST fusion constructs) and in in all subsequent studies.
vivo studies (as Myc-tagged fusion constructs). The fold of each mutant was checked by circular diLocating the Binding Site chroism (CD) measurements on the appendage domain Protein-protein interactions require both an appropriate cleaved from the GST fusion protein (Table 1) . The muaffinity and a high level of specificity. This is achieved tants F837A, E849A, and E907A had identical CD spectra by a mixture of polar (hydrogen bonding/electrostatic) to that of ␣-ear L . W840A and R920A, while having identiand apolar (van der Waal's, hydrophobic) contacts, often cal shaped CD spectra to wild-type ␣-ear L , showed a found as a hydrophobic contact surface surrounded by very slight reduction in secondary structure content a complementary series of polar groups. Much of the (less than a 4% reduction in molar ellipticity), indicating favorable energy of interaction arises from the displacethat these mutations may have caused very limited local ment of water molecules when two hydrophobic surunfolding. This is not surprising given the tight packing faces match. Polar interactions are generally not very of these side chains as indicated by their good electron different in energy to the interactions with water that they replace, so polar interactions contribute more to density in the wild-type structure. The R905A mutation displayed a marked reduction in secondary structure subdomain interface or in the hydrophobic core of the subdomain. No function can be currently assigned to and gave very low yields after cleavage, indicating that the C-terminal domain was unfolded causing the protein the N-terminal ␤ sandwich subdomain, and it may thus function as a scaffolding domain that displays the to become largely insoluble.
In vitro binding studies of ␣-ear L mutants show the C-terminal subdomain in the correct manner away from the "trunk" domain of the adaptor complex. residues important for interactions with ligands ( Figure  3 and summary of all constructs in Table 1 Constructs lacking 50 residues at the N terminus (corresponding to the first three ␤ sheet strands) have been used in several studies (Benmerah et al., 1996; Chen et al., 1998) that have suggested the involvement of the N terminus of the ␣-adaptin appendage domain in Eps15 and epsin recruitment. We have made this deletion construct and also a point mutant within this deletion at R707, which is located on the edge of ␤ strand 1. Constructs encoding the individual subdomains were also made. The R707S mutant showed an identical CD spectra and ligand binding to wild-type ␣-ear L . The N-terminal ␤ sandwich subdomain, which had low solubility, showed no binding to any of the endocytosis proteins tested, and both the C-terminal subdomain and the con- Table 1 ). The low solubility of these constructs is immunoblotting. Synaptotagmin, an abundant protein in brain, is probably caused by aggregation due to exposure to used as a control to show that binding is specific. Amph, amphiphysin.
solvent of hydrophobic residues that participate in the 1998) that have a tryptophan at the base, and mutation of this W to A abolishes interaction with its binding and epsin, which contain many copies of this motif, bind more tightly than amphiphysin, AP180, and auxilin, partners. In both, the tryptophan is surrounded by polar residues, which could provide specificity for their bindwhich contain fewer copies. That DPF/W is a major determinant for binding of these domains to ␣-adaptin ing targets as a result of complementary electrostatic Endocytosis Assay and Immunocytochemistry mM DTT, 15% glycerol, and X-ray diffraction data were collected Clathrin-mediated endocytosis was measured by assaying transat 100 K at Elettra (Trieste, native) or on a rotating anode (derivatives) ferrin uptake into COS-7 fibroblasts. Forty-eight hours posttransfec- (Table 2) 
